The four-quark system ccnn is studied in the framework of the constituent quark model. Using different types of quark-quark potentials, we solve the four-body Schrödinger equation by means of the hyperspherical harmonic formalism. Exploring the low laying J P C states for different isospin configurations no four-quark bound states have been found. Of particular interest is the possible four-quark structure of the X(3872). We rule out the possibility that this particle is a compact tetraquark system, unless additional correlations, either in the form of diquarks or at the level of the interacting potential, not considered in simple quark models do contribute.
I. INTRODUCTION
In the last few years the discovery of several new heavy hadrons containing charm quarks has renewed the interest in heavy quark spectroscopy. In 2003 a new resonance named X(3872) was reported by the Belle Collaboration in the invariant mass distribution of J/ψπ + π − mesons produced in B ± → K ± X(3872) → K ± J/ψπ + π − decays. It appeared as a narrow peak with a mass 3871.2 ± 0.5 MeV and a width Γ < 2.3 MeV, consistent with the detector resolution [1] . This state was confirmed by BaBar [2] , CDF [3] and D0 Collaborations [4] . In 2004 Belle reported the observation of a new charmonium state in the ωJ/ψ invariant mass distribution for exclusive B → KωJ/ψ decays [5] . This state, named Y (3940), has a mass and width of 3943 ± 11 ± 13 MeV and 87 ± 22 ± 26 MeV, respectively, and it has not been seen in the decay modes Y (3940) → DD and DD * . In July 2005 Belle claimed the observation of a second charmonium resonance named X(3940) with a mass of 3943 ± 6 ± 6 MeV and total width of less than 52 MeV [6] . This state has been measured in the e + e − → J/ψX(3940) reaction and it has been seen to decay to DD * and not to ωJ/ψ or DD. A third state, Z(3940), was reported almost simultaneously by Belle in γγ → DD with a mass of 3931 ± 4 ± 2 MeV and a width of 20 ± 8 ± 3 MeV [7] . Being its helicity distribution consistent with J = 2, an identification with the excited χ c2 seems to be natural. Up to now, the last experimental neighbor of the charmonium tribe has been reported by BaBar, the Y (4260) [8] . This state, with quantum numbers J P C = 1 −− , is a broad resonance in the invariant mass spectrum of π + π − J/ψ with mass 4259±8±4 MeV and width 83 ± 23 ± 5 MeV.
While some members of this new hadronic zoo may fit in the simple quark model description as quark-antiquark pairs (X(3940), Y (3940), and Z(3940) may fit into the χ c0 , χ c1 , and χ c2 quark model structure) others appear to be more elusive (X(3872) and Y (4260)). With the advent of all these new resonances, theoretical speculations about the existence of four-quark states mixed with cc quark-antiquark bound states have been reinforced, the X(3872) being the main responsible for that. Before its discovery, only a few attempts were made to look for ccnn states. In the early 80's, Gelmini [9] studied the S−wave ccnn states using the one-gluon-exchange potential and virtual annihilation of color pairs, obtaining some candidates that could lie below any of the dissociation channels. Chao [10] explored the decay, hadronic production, production in e + e − annihilation, and photoproduction of various types of ccnn states using the quark-gluon model proposed by Chan and Hogaasen [11] . Using a potential derived from the MIT bag model in the Born-Oppenheimer approximation Chao also concluded that ccnn states lie in the 3.2−3.7 GeV energy range, and therefore below the lowest two-meson thresholds [12] . Silvestre-Brac and Semay [13] analyzed L = 0 four-quark systems by means of the Bhaduri potential through a variational method in a harmonic oscillator basis, suggesting the existence of several (Q 1Q2 )(nn) bound states, among them the J P = 0 + and J P = 1 + ccnn. After the discovery of the X(3872) the question about the possible existence of ccnn bound states was posed again. Maiani et al. [14] constructed a model of the X(3872) in terms of diquark-antidiquark degrees of freedom. Using the X(3872) as input they predict other ccnn states with quantum numbers 0 ++ , 1 +− , and 2 ++ . Ebert et al. [15] addressed heavy tetraquarks with hidden charm and beauty in a diquark-antidiquark relativistic quark model, concluding that the X(3872) could be identified with the 1 ++ neutral charm tetraquark state. The existence of the X(3872) would imply another three four-quark states close in energy. Hogaasen et al. [16] explained the mass and coupling properties of the X(3872) resonance as a 1 ++ four-quark state using a chromomagnetic interaction once all spin-color configurations compatible with these quantum numbers were included. Matheus et al. [17] used QCD spectral sum rules to test the nature of the X(3872) within a diquark-antidiquark scheme, identified as a possible 1 ++ ccnn candidate. Analogous alternatives have been scrutinized to interpret the experimental data of the open-charm meson sector. Several new states with intriguing properties hard to accommodate in a standard quark-antiquark scheme were reported in recent years. In 2003 BaBar reported a charm-strange state, the D * sJ (2317), with a mass of 2316.8±0.4±3 MeV and a width of less than 4.6 MeV [18] . It was confirmed by CLEO Collaboration [19] and also by Belle [20] . Besides, BaBar had also pointed out the existence of another charm-strange meson, the D sJ (2460) [18] . This resonance was measured by CLEO [19] and confirmed by Belle [20] with a mass of 2457.2±1.6±1.3 MeV and a width less than 5.5 MeV. Belle results are consistent with the spin-parity assignments of J P = 0 + for the D * sJ (2317) and J P = 1 + for the D sJ (2460). In the nonstrange sector Belle reported the observation of a nonstrange broad scalar resonance, named D * 0 , with a mass of 2308 ± 17 ± 15 ± 28 MeV and a width 276 ± 21 ± 18 ± 60 MeV [21] . A state with similar properties has been suggested by FO-CUS Collaboration [22] during the measurement of excited charm mesons D * 2 . Although there are several theoretical interpretations for these states (see Ref. [23] ), the difficulties to identify some of them with conventional mesons (rather similar to those appearing in the light-scalar meson sector) were interpreted as signals indicating that other configurations, for example four-quark contributions, could be playing a significant role [24, 25] . The idea behind this interpretation is rather simple. Physical mesons are easily identified withstates when virtual quark loops are not important. This is the case of the pseudoscalar and vector mesons, mainly due to the P −wave nature of the hadronic dressing. However, in the positive parity sector it is thepair the one in a P −wave state, whereas quark loops may be in a S−wave. In this case the intermediate hadronic states that are created may play a crucial role in the composition of the resonance, in other words unquenching may be important. The vicinity of these components to the lighteststate implies that they have to be considered either as mixed states or compact structures [26] . This has been shown as a possible interpretation of the low-lying light-scalar mesons [27] .
As a consequence, the solution of the four-body problem to analyze the contribution of four-quark components to the meson spectra has become recently a basic tool. Most of the approaches found in the literature are variational calculations with different types of trial wave functions. The rather important interest of this problem requires numerical methods able to provide with solutions free of numerical uncertainties. Recently, a new approach based on the hyperspherical formalism was proposed to solve exactly the fourquark problem [28] . The idea is to perform an expansion of the trial wave function in terms of hyperspherical harmonic (HH) functions. This allows to generalize the simplicity of the spherical harmonic expansion for the angular functions of a single particle motion to a system of particles by introducing a global length ρ, called the hyperradius, and a set of angles, Ω. For the HH expansion to be practical, the evaluation of the potential energy matrix elements must be feasible. The main difficulty of this method is to construct HH functions of proper symmetry for a system of identical particles. This is a difficult problem that may be overcome by means of the HH formalism based on the symmetrization of the N−body wave function with respect to the symmetric group using the Barnea and Novoselsky algorithm [29] . This method, widely used in nuclear physics, was applied in Ref. [28] to the analysis of four-charm quark systems.
In this work we present a study of the ccnn ground states using the HH technique. For this purpose we have generalized the HH formalism of Ref. [28] to describe four-quark states of different flavor. The manuscript is organized as follows. In Sect. II the procedure necessary to generalize the hyperspherical formalism for studying quark systems of different flavors is described. In Sect. III we review two different quark models we will make use of to test our method and compare with existing results and experiment. In Sect. IV we present the results and the analysis of the ccnn spectroscopy. Finally, we summarize in Sect. V our conclusions.
II. TECHNICAL DETAILS A. Basis functions
Within the HH expansion, the four-quark wave function can be written as a sum of outer products of color, isospin, spin and configuration terms
such that the four-quark state is a color singlet with well defined parity, isospin and total angular momentum. In the following we shall present the construction of the basis functions for the QQnn and QQnn tetraquark systems. We shall assume that particles 1 and 2 are the Q-quarks and particles 3 and 4 are the n-quarks. In the QQnn case particles 1 and 2 are identical, and so are 3 and 4. Consequently, the Pauli principle leads to the following conditions,P
P ij being the permutation operator of particles i and j.
Coupling the color states of two quarks (antiquarks) can yield two possible representations, the symmetric 6-dimensional, 6 (6) , and the antisymmetric 3-dimensional,3 (3) . Coupling the color states of the quark pair with that of the antiquark pair must yield a color singlet. Thus, there are only two possible color states for a QQqq system [30] ,
These states have well defined symmetry under permutations, Eq. (2). Spin states with such symmetry can be obtained coupling the particle spins in the following way,
The same holds for the isospin, |Isospin = |(i 3 , i 4 )I 34 , which applies only to the n-quarks, thus I = I 34 .
As said, we use the HH expansion to describe the spatial part of the wave function. We choose for convenience the H-type Jacobi coordinates (see Fig. 1 ),
where m ij = m i + m j , µ i,j = m i m j /m ij , and m 1234 = m 1 + m 2 + m 3 + m 4 . Using these vectors, it is easy to obtain basis functions that have well defined symmetry under permutations of the pairs (12) and (34) . The hyperspherical coordinates (ρ, Ω) are defined through the relation
where
is the hyperradius,η j ≡ (θ j , φ j ) is the unit vector of η j , and Ω ≡ (α 1 , α 2 ,η 1 ,η 2 ,η 3 ) is a hyperangle that represents the location on the 8-dimensional sphere. By using hyperspherical coordinates one can write the Laplace operator as a sum of two terms
where the hyperspherical, or grand angular momentum, operatorK 2 is the 9 dimensional analogous of the angular momentum operator associated with the 3-dimensional Laplacian.
The hyperspherical harmonic functions Y [K] are the eigenfunctions of this hyperangular momentum operator, labeled by the quantum numbers [ 
The quantum number K 3 is the grand hyperangular momentum associated with the 3 Jacobi vectors, L 3 M 3 are the usual orbital angular momentum quantum numbers of the system, and ℓ i is the angular momentum associated with the Jacobi vector η i . The quantum numbers K 2 , L 2 correspond to intermediate coupling of η 1 and η 2 . The explicit expression for the HH functions is given by [31] 
where Y ℓ, m are the spherical harmonic functions, P (a,b) n are the Jacobi polynomials,
and N a j ,b j n j are normalization constants given by [32] :
The quantum numbers K j are given by
where the n j 's are non-negative integers. In the following we shall use the notations K ≡ K 3 and L ≡ L 3 for the total hyperangular and angular quantum numbers. By construction,
is an eigenfunction ofK 2 with eigenvalues K(K + 7). The HH functions are a complete basis set for the hyperangular coordinate Ω. For the hyperradial coordinate our basis functions read
where L ν n (x) are the associated Laguerre polynomials. The range parameter ρ 0 and the parameter ν are varied to get optimal results.
By inspection it can be verified that the spatial basis states, given by
have the following symmetry properties with respect to particle permutationŝ
Application of the Pauli principle, Eq. (2), to the basis function
leads to the following restrictions on the allowed combinations of basis states,
(ii) (−1) S 12 +ℓ 1 = −1, (−1) S 34 +I+ℓ 3 = +1 for the |3 12 3 34 color state.
In the QQnn case particle 2 is the antiparticle of particle 1, and particle 4 is the antiparticle of particle 3. Assuming that C−parity is a good symmetry of QCD we can regard quarks and antiquarks as identical particles and impose the symmetry condition, Eq. (2), on the QQnn system as well. Coupling the color states of a quark and an antiquark can yield two possible representations: the singlet and the octet. These representations should be combined in the following way {|1 12 1 34 , |8 12 , 8 34 } to yield a total color singlet state [30] . However, these states have no definite symmetry under the particle permutations (12) and (34) . To construct symmetrized states for the QQ pair we consider the following combinations,
where C 12 = {1 12 , 8 12 }, and Γ 12 = +1 for a symmetric combination and −1 for antisymmetric. For light quarks the color and isospin states should be combined together to form states with well defined symmetry. For I z = 0, as an example, these states take the form,
where the plus sign stands for I 34 = 0 state and the minus sign for the I 34 = 1 state. As before, C 34 stands for either the singlet or the octet representation. The total color-isospin states, |C
12 (C 34 I 34 ) Γ 34 are not only good symmetry states, but also good C−parity states with, C = Γ 12 Γ 34 . Imposing the Pauli principle for the QQnn system we get the following restrictions, Γ 12 (−1)
, on the basis states.
B. Calculation of the matrix elements
Due to the recursive nature of the HH functions, evaluation of potential matrix elements become simpler for the pair (34) . In this case, the matrix elements of a isoscalar two-body potential
written as a sum of products of spatial, spin, isospin and color operators respectively, are diagonal in the quantum numbers ℓ 1 , ℓ 2 , L 2 , K 2 , S 12 , C 12 , I 34 . The matrix elements of central potentials are further diagonal also in the quantum numbers ℓ 3 , L, S 34 , S thus reducing the calculation of the matrix elements
into a product of the internal matrix elements times a two dimensional integral
, and b = K 2 + 2. Non-central potentials lead to similar expressions after rearrangement of the angular momentum couplings.
Direct evaluation of the potential matrix elements for other pairs will lead to multidimensional integrals much more complicated than Eq. (20) . These complicated integrals can be avoided through rearrangement of the basis functions. If we denote by |φ CSIR (1234) the basis function defined in Eq. (15) , and by |φ CSIR (ijkl) basis function associated with the particles arranged in the order ijkl, then the interaction matrix element for the pair (ij) = (34) can be evaluated in the following way,
The potential matrix element on the rhs of Eq. (21) can be calculated now using Eqs. (19) and (20) . The permutation matrix elements are trivial for the isospin and can be calculated using standard SU(2) recoupling techniques for the spin part. The color terms can be obtained for the QQnn from the relation
and for the QQnn from the relations 
In the last case we should also consider the symmetrized states, Eqs. (16) and (17) . For these states it can be easily shown that
Thus reducing the rearrangement matrix elements to Eqs. (23) and (24) . The permutation matrix elements for the HH functions are obtained using a numerical trick due to Efros [33] . Consider the particle positions r i . Using Eqs. (5) and (6) these positions are translated into a hyperradius ρ and a point on the hypersphere Ω. Under particle permutations (1234) −→ (ijkl) the point on the hypersphere will move to a new position, i.e., Ω −→ Ω ijkl , where the hyperradius remains invariant. Using the completeness of the HH basis and the fact the subspace defined by the quantum numbers K, L is invariant under particle permutations, we can express the HH functions of Ω ijkl in the following way
whereP ijkl is the permutation operator. The sum contains N KL terms, which amounts to the number of HH states with hyperspherical angular momentum K and orbital angular momentum L. Eq. (26) is valid for any hyperangular point Ω. Therefore we can choose N KL hyperangular points Ω(p), p = 1 . . . N KL and get a set of N KL equations which can be inverted to yield
Here (
III. CONSTITUENT QUARK MODELS
For our study we will use two standard constituent quark models providing a reasonable description of the hadron spectra. A summary of the energies obtained within both models for selected meson states is given in Table I , in comparison with the corresponding experimental energies. In the following we draw the basic properties of the interacting potentials.
A. Bhaduri, Cohler and Nogami model (BCN)
This model was proposed in the early 80's by Bhaduri et al. in an attempt to obtain a unified description of meson and baryon spectroscopy [35] . It was later on applied to study the baryon spectra [36] and four-quark () systems [13] . The model retains the most important terms of the one-gluon exchange interaction proposed by de Rújula et al. [37] , namely coulomb and spin-spin terms, and a linear confining potential, having the form
where σ i are the Pauli matrices and λ 
B. Constituent Quark Cluster model (CQC)
This model was proposed in the early 90's in an attempt to obtain a simultaneous description of the nucleon-nucleon interaction and the baryon spectra [38] . It was later on generalized to all flavor sectors giving a reasonable description of the meson [39] and baryon spectra [40] . The possible existence of four-quark states within this model has also been addressed [25, 27, 28] .
The model is based on the assumption that the light-quark constituent mass appears because of the spontaneous breaking of the original SU(3) L ⊗ SU(3) R chiral symmetry at some momentum scale. In this domain of momenta, quarks interact through Goldstone boson exchange potentials. QCD perturbative effects are taken into account through the one-gluon-exchange (OGE) potential as the one used in the BCN model. Finally, it incorporates confinement as dictated by unquenched lattice calculations predicting, for heavy quarks, a screening effect on the linearly dependent interquark potential when increasing the interquark distance [41] .
The model parameters have been taken from Ref. [39] with the exception of the OGE regularization parameter. This parameter, taking into account the size of the system, was fitted for four-quark states in the description of the light scalar sector [27] , beingr 0 = 0.18 fm for mesons andr 0 = 0.38 fm for four-quark systems. Let us also notice that the CQC model contains an interaction generating flavor mixing between nn and ss components. It allows to exactly reproduce the masses of the η and η ′ mesons. In the four-quark case this contribution would mix isospin zero QQnn and QQss components. Such contributions were explicitly evaluated in the variational approach of Ref. [27] for the light isocalar tetraquarks, giving a negligible effect. Therefore, such a flavor mixing components will not be consider in the present calculation. In order to make a proper comparison between thresholds and fourquark states we have recalculated the meson spectra of Ref. [39] with the samer 0 value and interaction used in the four-quark calculation, neglecting therefore the flavor-mixing terms. The results are summarized in Table I for the original meson parametrization (CQC 18 ) and for the one used in this work (CQC) (note that in this case the η(547) would corresponds to a pure nn state). Explicit expressions of the interacting potentials and a more detailed discussion of the model can be found in Ref. [39] .
IV. RESULTS

A. Threshold determination
The existence of the color degree of freedom gives rise to an important difference between four-quark systems and standard baryons or mesons. For baryons and mesons it is not possible to construct a color singlet using a subset of the constituents, thus onlyorstates are proper solutions of the two-or three-quark interacting hamiltonian and therefore, all solutions correspond to bound states. However, this is not the case for four-quark systems. The color rearrangement of Eqs. (22) and (24), (qq) 1 ⊗ (qq) 1 = () 1 , makes that two isolated mesons are also a solution of the four-quark hamiltonian. In order to discriminate between four-quark bound states and simple pieces of the meson-meson continuum, one has to analyze the two-meson states that constitute the thresholds for each set of quantum numbers.
These thresholds must be determined assuming quantum number conservation within exactly the same scheme used in the four-quark calculation. Dealing with strongly interacting particles, the two-meson states should have well defined total angular momentum (J), parity (P ) and C−parity (C). When noncentral forces are not considered, orbital angular momentum (L) and total spin (S) are also good quantum numbers. As the systems studied could dissociate either into (cc)(nn) or (cn)(nc), we indicate the lowest two-meson threshold in both channels, quoting also the final state relative angular momentum. We give in Table  II the lowest thresholds requiring J, P , and C conservation, while in Tables III, IV , and V we quote those when L and S are also preserved. We give the experimental thresholds, corresponding to the energies in Ref. [34] , the thresholds obtained with the BCN model, and those calculated with the CQC model as described in Sect. III.
A property of ccnn states, that is crucial for the discussion on the possible existence of bound states, is that two different physical thresholds can always be constructed for any set of quantum numbers, corresponding to the (cc)(nn) and (cn)(nc) couplings. We show an example in Table VI , where we give the J P C = 1 ++ lowest threshold in the two possible couplings. This is not a general property for any four-quark system, note for instance that a ccnn four-quark state only has one allowed physical threshold, corresponding to the coupling (cn)(cn).
B. The four-quark ccnn spectra
Once we have developed a method to study four-quark systems of different flavor, we will address an important physical question making contact with the actual experimental situation: Does the quark model naturally predict the existence of ccnn bound states? For this purpose we have performed an exhaustive analysis of the ccnn spectra by means of the two different quark models, CQC and BCN, described in Section III. We have considered all isoscalar states with total orbital angular momentum L ≤ 1. For positive parity, the lowest states correspond to L = 0, while L = 1 for negative parity ground states. The reason is that the parity of a four-quark state can be written in terms of the relative angular momenta associated with the Jacobi coordinates as P = (−) ℓ 1 +ℓ 2 +ℓ 3 . This makes that P = −1 states need three units of relative angular momentum to obtain L = 0 (ℓ 1 = ℓ 2 = ℓ 3 = 1) while only one is needed for L = 1. The same reasoning applies for P = +1 states. The calculation has been done up to the maximum value of K within our computational capabilities, K max . The absolute energy obtained for each state does not provide much information regarding the stability of the system. The relevant quantity is ∆ E , defined as the energy difference between the mass of the four-quark system and that of the lowest corresponding threshold,
Here, E 4q stands for the four-quark energy and E(M 1 , M 2 ) for the energy of the corresponding threshold. Using this definition, ∆ E < 0 will indicate that all fall-apart strong decays are forbidden, i.e., one has a proper bound state. On the other hand, ∆ E = 0 will indicate that the four-quark solution corresponds to an unbound threshold (two free mesons) state. One of the main difficulties in studying four-quark states was discussed in Ref. [28] , i.e., the slow convergence to the asymptotic two free mesons unbound states. This makes the identification of threshold states a cumbersome task, demanding large values of K. In Ref. [28] it was proposed that this problem could be overcome by means of an extrapolation of the four-quark energy using the expression
where E(K = ∞), a and b are fitted parameters. Although the study of the energy is the most powerful way to distinguish between bound and unbound four-quark states we have taken a step further analyzing in detail the structure of the wave function. In particular, it is possible to determine if a four-quark system behaves as a pure meson-meson state or if it has a more involved structure through the analysis of the dominant components of the wave function. Any solution of the four-quark problem that could be identified with a threshold should verify not only that ∆ E =0 but also that the probability of the threshold within the four-quark wave function should be unity. One can also study the behavior of the root mean square radius (RMS) of the four-quark system as compared to the radii of the two-mesons threshold. The RMS is defined in the usual way for four (two) quark systems
Combining all this information it could be claimed that any four-quark state with the following characteristics: (i) ∆ E → 0 with K; (ii) RMS → ∞ with K, (its value should at least exceed the value corresponding to the threshold system); (iii) The wave-function tends to a single singlet-singlet physical channel; should be considered as an unbound threshold state. We present in Table VII the results obtained for all possible L ≤ 1 isoscalar channels with both quark models, CQC and BCN. We indicate the maximum value of K used, K max . We also indicate the probability of the basis vector corresponding to the lowest physical threshold. Let us first of all concentrate on the results of the two quark models used, we will comment later on the comparison with the experimental data. There is a first general conclusion immediately derived looking at this table, namely that no bound state is observed for any set of quantum numbers in any of the models, in all cases ∆ E > 0. Let us analyze the results in detail. The convergence of the results is illustrated in Table VIII , where we show the evolution of the energy, radius and probabilities as a function of K for two different channels with both quark models. We have denoted by P C 12 C 34 (S 12 , S 34 ) the probability of the basis vector with color state C 12 ⊗ C 34 and spin S = S 12 ⊗ S 34 in the (cc)(nn) coupling. For each model, we compare in the bottom part of the table with the lowest energy threshold and its RMS (the sum of the RMS's of the two mesons). One can see how the four-quark energies do converge to the lowest possible threshold at the same time that the radius increases linearly and the probability of the vector that characterizes the threshold tends to unity. When the extrapolation (30) is used, we observe how the four-quark energies reproduce those of the lowest threshold allowed for each set of quantum numbers. This is illustrated in Table IX , where we indicate E(K = ∞) as a function of the initial and final values of K used for the fitting. The thresholds are perfectly reproduced within a difference, due to the extrapolation, of a few MeV. These are general features for all the states in Table VII. Let us emphasize the importance of comparing the four-quark energies with the proper mathematical threshold, if this is not done it could easily lead to the misidentification of bound states. This is made evident on the last columns of Table VII , where we have quoted the experimental thresholds. Looking at column ∆ E under the epigraph Exp., one can see the abundance of spurious bound states predicted by the BCN model (five) if the experimental thresholds are considered instead the correct, theoretical, ones.
Special attention must also be paid to some numerical approximations used for solving the four-quark problem. In the numerical procedure described in Section II one can easily restrict the method to perform a calculation considering only a limited set of relative angular momenta between the quarks. We show in Table X the results obtained neglecting large relative orbital angular momenta ( i ℓ i ≤ 1) for two different set of quantum numbers. As can be seen, this approximation is excellent for those states whose solution can be expressed exclusively in terms of (cc) and (nn) mesons (the ℓ i are the relative angular momenta associated to the Jacobi coordinates in the coupling (cc)(nn)), as it is the case of J P C = 1 ++ , while it fails for those states with a more involved structure. Since one does not know a priori the behavior of a particular channel it is inadvisable to perform such an approximation and therefore, a full calculation is required for any global analysis of four-quark states. A similar effect related with the restriction of the Hilbert space can also be observed in Ref. [13] , where an analysis of the four-quark problem was performed with a variational solution of the BCN model in a harmonic oscillator basis up to N = 8, obtaining 3409 and 3468 MeV for the J P C = 0 ++ and 1 +− states, respectively. Being the hyperspherical harmonic basis for K = 8 roughly equivalent to the N = 8 harmonic oscillator basis, we have obtained 3380 and 3436 MeV, respectively, for these states when we restrict ourselves to K = 8. However, once we allow K to take larger values, the energy decreases more than 200 MeV until the lowest threshold for each channel is obtained.
Among all channels presented in Table VII , three of them deserve a careful analysis: (L, S) = (1, 0) for CQC, and (L, S) = (1, 2) for CQC and BCN. Their energies, probabilities, and radius are resumed in Tables XI and XII as a function of K. We observe that they have a dominant octet-octet color component that could be interpreted as evidence of a compact four-quark system. However, since the lowest threshold in all three cases corresponds to a DD or D * D * state, the coupling where the numerical calculation is done, (cc)(nn), is not the most appropriate one to identify threshold solutions. Once the states are re-expressed in the proper basis, (cn)(nc), it can be easily observed how they converge to the lowest available threshold as nicely as the other sets of quantum numbers.
From the discussion above it is clear that no bound state exist either for CQC or for BCN. Let us now address the question if it is possible to generate a bound state by means of reasonable assumptions in the interacting hamiltonian, i.e., would a different thoughtful twobody quark-quark interaction be able to generate a bound state? The answer is that it does not seem to be possible. The reason for that is simple, whenever one modifies the interacting potential, not only the four-quark energy but also the two-body energy is affected. This has been illustrated in Table XIII for two particular cases, (L, S) = (0, 0) J P C = 0 ++ CQC, and (L, S) = (1, 0) BCN. In both cases the relative strength of the interactions has been tailored in such a way that the lowest threshold is modified in a significant quantum number (spin, color,...). In particular, we have fine tuned the one-gluon exchange interaction by means of the regularization parameter r 0 to modify the threshold from J/ψ ω| S to η c η| S (Table  XIII upper part) and from h c η| P to DD| P (Table XIII lower part). In both cases we show the values of energies, radius and the relevant probabilities for some values of K. It can be clearly seen that the alternative sets of parameters do converge to the new lowest threshold.
This behavior makes evident the main difference between ccnn and cncn systems. For the later there is a consensus that there would be stable channels against dissociation into two mesons if the ratio of the mass of the heavy to the light quark is large enough [13, 42] . One should notice that for these states no other combination than a (cn)(cn) two-meson system is allowed for the threshold and therefore, any modification in the interaction between the two-charm quarks or the two-light antiquarks, for instance the ratio of the masses, would not translate into a modification of the energy of the threshold [43] .
Once it has been observed that no bound state can be obtained by means of any thoughtful two-body potential, one should reformulate the question we made at the beginning of this section into, Is it possible that ccnn bound states naturally exist or other restrictions must be imposed to bind them? Two main possibilities have been discussed in the literature in order to force four-quark states to be bound. On the one hand three-and four-quark interactions that would not be factorizable as a sum of two-body potentials could be included in the four-quark hamiltonian. Among these interactions, three alternatives have been thoroughly discussed: color three-and four-quark interactions depending on the color SU(3) quadratic and cubic Casimir operators [44] , flip-flop confining interactions [45] , and string model approaches [46] . On the other hand one could choose to directly restrict the Hilbert space in the few-body problem, selecting a priori those components that may favor the binding of the system, the so-called diquarks [48] . A diquark (antidiquark) is an S−wave bound state of two quarks (antiquarks) with particular quantum numbers, i.e., antisymmetric in color, flavor, and spin. This has been explored in recent years not only for four-quark systems, but also for three-and five-quark states [49] . Technically, the effect of both hypothesis is the same, migrating probability from the color singlet-singlet components to the octet-octet ones. This makes that the two asymptotically free mesons are no longer a solution of the four-quark hamiltonian and therefore the interaction can be tailored to create a compact four-quark bound state.
Let us finally notice that when this work was finished Ref. [47] has analyzed the stability of QQqq and QQqq systems in a simple string model considering only a multiquark confining interaction giving by the minimum of a flip-flop or a butterfly potential. The ground state of systems made of two quarks and two antiquaks of equal masses was found to be below the dissociation threshold. While for the flavor exotic QQqq the binding increased when increasing the mass ratio m Q /m q , for the cryptoexotic QQqq the effect of symmetry breaking is opposite, the system being unbound whenever m q /m q > 1. Altough more realistic calculations are needed before establishing a definitive conclusion, the conclusions of Ref. [47] strengtened our result about the doubtful existence of ccnn compact states.
C. Isoscalar J P C = 1 ++ and 2 −+ quantum numbers and the X(3872)
Since the X(3872) was first reported by Belle in 2003 [1] it has gradually become the flagship of a new group of states whose properties make their identification as traditionalstates unlikely. In this heterogeneous group we could include states like the Y (2460) reported by BaBar, and the D sJ (2317) and D sJ (2460) reported by BaBar and CLEO. All these states deserve full discussions on their own, however in this section we are going to focus only on the properties of the aforementioned X(3872).
An average mass of 3871.2±0.5 MeV and a narrow width of less than 2. [50] ). With respect to the X(3872) quantum numbers, neither D0 nor BaBar have been able to offer a clear prediction about its J P C . The isovector nature of this state has been excluded by BaBar due to the negative results in the search for a charged partner in the decay B → X(3872)
. CDF has performed a determination of J P C of the X(3872) using dipion invariant mass distribution and angular analysis, obtaining that only the assignments 1 ++ and 2 −+ are able to describe data [52] . On the other hand, recent studies by Belle combining angular and kinematic properties of the π + π − invariant mass, strongly favor a J P C = 1 ++ state [53] , and the observation of the X(3872) → D 0 D 0 π 0 also prefers the 1 ++ assignment compared to the 2 −+ [54] . Therefore, although some caution is still required until better statistic is obtained [55] , an isoscalar J P C = 1 ++ state seems to be the best candidate to describe the properties of the X(3872). All these properties have triggered intense theoretical speculations about the nature of this state. Among the possible structures that have been explored one can find tetraquarks, cusps, hybrids, glueballs, and molecular states, although in most cases these works have been devoted to the study of a limited set of quantum numbers in an attempt to determine the viability of describing its energy together with its width and decay modes [23] .
Although our main conclusion also applies for these quantum numbers, i.e., the nonexistence of four-quark bound states, we summarize in detail in this section the results obtained for the isoscalars 1 ++ and 2 −+ (Table XIV) four-quark states. In this case we illustrate the convergence plotting the energies as a function of K in Fig. 2 . It can be observed how the BCN 1 ++ state does not converge to the lowest threshold for small values of K, being affected by the presence of an intermediate J/ψ ω| S threshold with an energy of 3874 MeV. Once sufficiently large values of K are considered the system follows the usual convergence to the lowest threshold (see insert in Fig. 2 ). This behavior can also be observed in the wave function probabilities (right hand side of Table XIV ). This is the only case where this happens and can be traced back to the unique nature of the intermediate threshold, two S−wave mesons in a relative S−wave. Values of K sufficiently large would generate the correct solution.
Once all possible quantum numbers of the X(3872) have been analyzed and discarded very few alternatives remain. If this state is experimentally proved to be a compact fourquark state this will point either to the existence of non two-body forces or to the emergence of strongly bound diquark structures within the tetraquark. Both possibilities are appealing, does the interaction becomes more involved with the number of quark or does the Hilbert space becomes simpler? On the one hand, some Lattice QCD collaborations [46] have reported the important role played by three-and four-quark interactions within the confinement (the Y − and H−shape). On the other hand, diquark correlations have been Figure 2 proposed to play a relevant role in several aspects of QCD, from baryon spectroscopy to scaling violation [48] . The spontaneous formation of diquark components can be checked within our formalism. The four-quark state can be explicitly written in the (cn)(cn) coupling in order to isolate the diquark-antidiquark configurations. In the particular case of the (L, S) = (0, 1) J P C = 1 ++ of all possible components of the wave function only two of them have the proper quantum numbers to be identified with a diquark, being the total diquark probability less than 3%. Therefore, it is clear that without any further hypothesis two-body potentials do not favor the presence of diquarks and any description of these states in terms of diquark-antidiquark components would be selecting a restricted Hilbert space.
V. SUMMARY
In this work we present for the first time a generalization of the hyperspherical harmonic formalism to study systems made of quarks and antiquarks of different flavor. We have focused our analysis on hidden-charm systems, namely states containing charm quarks and antiquarks with charm quantum number equal to zero. This formalism opens the door to an exact study of several other multiquark systems containing quarks with different masses and/or flavors, like the scnn or the ccss, up to now sparsely analyzed in the literature.
We have performed a systematic analysis of all ccnn isoscalar ground states. This includes positive parity L = 0 and negative parity L = 1 systems with S =0,1, and 2. We have used two standard quark models in the literature, both leading to the same conclusions. The relevance of a careful analysis of the numerical thresholds together with the numerical approximations involved has been emphasized in order to avoid misidentification of bound states.
We have not found any compact four-quark bound state for any set of quantum numbers. We have studied the possibility of generating a bound state by means of a modification of the interacting hamiltonian. We conclude that no refitting of the models would be able to force a bound state if only two-body color-dependent forces are considered. The reason has been traced back to the particular singlet-singlet decomposition available to the ccnn states, namely, the possibility of constructing (cc)(nn) or (cn)(nc) two-meson states in such a way that any modification of the two-body potential in the four-quark problem is automatically translated into the two-meson final state. Concerning the X(3872) we have explicitly discussed the quantum numbers favored by experiment, 1 ++ and 2 −+ , obtaining that none of them is bound.
It has been said that when you have eliminated the impossible, whatever remains, however improbable, must be the truth [56] . Therefore, the non-existence of bound ccnn states together with the experimental observation of suggested non-qq states like the X(3872), seems to be clearly emphasizing the need of considering new structures not based in naive two-body interactions, like for example diquarks configurations or few-body potentials, in order to improve our understanding of the hadron spectra. Tables III, IV , and V and ∆ E is defined in Eq. (29) . We also quote in the last three columns the experimental thresholds. Table  VIII .
TABLE X: Comparison of the energies (MeV) and probability of the dominant components of the four-quark wave function for J P C = 1 ++ (L, S) = (0, 1) (K = 8) and J P C = (1, 2, 3) −− (L, S) = (1, 2) (K = 7) states either using i ℓ i = ∞ or i ℓ i ≤ 1 using the CQC model.
Probability Energy Probability L = 0 S = 1 3844 P 11 (1, 1) = 0.9871 3850 P 11 (1, 1) = 1.0000 L = 1 S = 2 4199 P 88 (1, 1) = 0.8779 4275 P 11 (1, 1) = 0.7088 TABLE XI: Energy (MeV), radius (fm) and probability of the different components of the fourquark wave function as a function of K for the J P C = 1 −− (L, S) = (1, 0) using the CQC model. TABLE XIII: Energy (MeV), radius (fm) and probability of the dominant component of the fourquark wave function as a function of K for two different parametrizations of the CQC (L, S) = (0, 0) J P C = 0 ++ and BCN (L, S) = (1, 0) J P C = 1 −− .
CQC J P C = 0 ++ (L, S) = (0, 0) r nn 0 = 0.38 r nn 0 = 0.18 K E RMS P 11 (1, 1) P 11 (0, 0) K E RMS P 11 (1, 1) P 11 (0, 0) 
